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x/  SUMMARY  Iqa LI  I _ 1 

Thermomechanical  Fatigue  (TMF)  experiments  were  conducted  on  Mar-M  200,  /ortc' 

B-1900,  and  PWA-1480  (single  crystal)  over  temperature  ranges  representative  / 

of  gas  turbine  airfoil  environments.  The  results  were  examined  from  both  a  \w««cTe0 
phenomenological  basis  and  a  mlcromechanlstlc  basis.  Depending  on  const1tuents\V> 
present  In  the  superalloy  system,  certain  micromechanisms  dominated  the  crack  '* 
Initiation  process  and  significantly  Influenced  the  TMF  lives  as  well  as  sensi¬ 
tivity  of  the  material  to  the  type  of  TMF  cycle  Imposed.  For  Instance,  high 
temperature  cracking  around  grain  boundary  carbides  In  Mar-M  200  resulted  In 
short  In-phase  TMF  lives  compared  to  either  out-of-phase  or  Isothermal  lives. 

In  single  crystal  PWA-1480,  the  type  of  coating  applied  was  seen  to  be  the 
controlling  factor  In  determining  sensitivity  to  the  type  of  TMF  cycle  Imposed, 
out-of-phase  lives  being  shortened  compared  to  In-phase  or  Isothermal  lives  If 
a  coating  that  Is  brittle  at  the  low  temperature  end  of  the  cycle  were  applied. 
Micromechanisms  of  deformation  were  observed  over  the  temperature  range  of 
Interest  to  the  TMF  cycles,  and  provided  some  Insight  as  to  the  differences 
between  TMF  damage  mechanisms  and  Isothermal  damage  mechanisms.  Finally,  the 
applicability  of  various  life  prediction  models  to  TMF  results  was  reviewed. 

It  was  concluded  that  current  life  prediction  models  based  on  Isothermal  data 
must  be  modified  before  being  generally  applicable  to  TMF. Doc. 


INTRODUCTION 


Background 

Currently  used  methods  of  life  prediction  and  material  constitutive  model¬ 
ing  for  high-temperature  gas  turbine  components  usually  are  based  on  Isothermal 
data.  In  reality  these  components  are  subjected  to  both  temperatures  and 
mechanical  strains  that  vary  with  time.  Throughout  cyclic  exposure  the  micro¬ 
structure  of  the  material  may  never  reach  an  equilibrium  state.  Also,  there 
are  no  extensive  experimental  bases  for  estimating  nonlsothermal  cyclic  damage 
accumulation  and  material  constitutive  behavior.  Indeed,  the  Integrated 
effects  of  damage  accumulated  over  a  temperature  range  are  virtually  unexplored. 

Conditions  under  which  a  material  specimen  Is  subjected  to  both  tempera¬ 
tures  and  mechanical  strains  that  vary  cyclically  constitute  what  Is  known  as 
thermomechanical  fatigue  (TMF).  Thermal  fatigue  experimental  evaluations 
(refs.  1  and  2)  Incorporate  some  of  the  effects  present  In  thermomechanical 
fatigue  but  suffer  from  the  drawback  that  the  thermal  cycle  and  the  mechanical 
cycle  are  Inevitably  coupled  In  such  a  manner  that  cycle  parameters  cannot  be 
controlled  with  any  degree  of  Independence. 


Developing  life  prediction  capabilities  that  are  directly  applicable  to 
nonlsothermal  situations  requires  a  data  base  In  which  temperature  and  mechan¬ 
ical  strain  are  both  Independently  controlled  as  a  function  of  time.  On  this 
basis  It  Is  possible.  In  principle,  either  to  adapt  existing  Isothermal  life 
prediction  methods  to  TMF  or  to  develop  new  life  prediction  methods. 


Review  of  TMF  Literature 

Some  TMF  studies  performed  on  various  materials  are  cited  In  order  to 
Illustrate  general  experimental  trends  and  approaches  to  adapting  Isothermal 
life  prediction  concepts  to  TMF  conditions.  Though  not  an  exhaustive  litera¬ 
ture  survey,  the  cited  work  provides  a  perspective  from  which  to  view  the 
present  work. 

Taira  et  al.  (ref.  3)  conducted  TMF  experiments  on  1016  carbon  steel  and 
AIS1  347  stainless  steel  and  compared  their  results  with  Isothermal  data.  They 
found  good  correlation  between  TMF  lives  and  Isothermal  lives  determined  at  the 
maximum  and  minimum  temperatures  associated  with  the  TMF  cycle  by  Invoking  a 
"spanning  factor"  for  use  In  conjunction  with  a  linear  damage  accumulation 
rule.  In  effect,  the  spanning  factor  Is  a  proportionality  constant  based  on 
Isothermal  lives  at  the  TMF  temperature  extremes.  The  approach  Is  not  likely 
to  be  generally  valid  when  there  Is  strong  Interaction  among  the  damage  mech¬ 
anisms  operating  over  the  temperature  range  of  the  TMF  cycle.  For  one  thing, 
the  method  restricts  TMF  lives  to  lie  somewhere  between  the  Isothermal  lives 
of  the  temperature  extremes,  a  phenomenon  that  Is  not  always  observed. 

Lundberg  and  Sandstrom  (ref.  4)  have  shown  that  stralnrarge  partitioning 
(SRP)  concepts  might  be  used  for  qualitative  extrapolation  of  isothermal  life 
prediction  to  TMF  situations.  In  particular,  thermal  fatigue  results  for  Cr-Mo 
and  18Cr-10N1  steels  could  be  rationalized  on  the  basis  of  Isothermal  SRP  data. 
Lundberg  and  Sandstrom  offer  a  generally  applicable  cautionary  note,  however. 
Their  observations  and  those  of  Taira  are  not  applicable  to  cycle  conditions 
(temperature  ranges  and  hold  times)  over  which  mlcrostructural  changes  to  the 
alloy  might  be  expected. 

Halford  and  Manson  (ref.  5)  have  successfully  applied  SRP  to  TMF  life  pre¬ 
diction  for  AISI  316  stainless  steel.  They  point  out  that  AISI  316  stainless 
steel  Is  a  material  whose  basic  cyclic  strain-life  relations  are  not  tempera¬ 
ture  dependent.  Special  procedures  that  have  yet  to  be  developed  are  needed 
to  cope  with  temperature- dependent  materials. 

Rau,  Gemma,  and  Leverant  (ref.  6)  Investigated  crack  propagation  under 
In-phase  (maximum  tensile  strain  simultaneous  with  maximum  temperature)  and 
out-of-phase  (maximum  compressive  strain  simultaneous  with  maximum  temperature) 
TMF  cycling,  as  well  as  under  Isothermal  cycling  conditions  for  some  nickel- 
based  superalloys.  Crack  propagation  rates  were  observed  to  be  much  higher  for 
out-of-phase  cycling  that  for  In-phase  cycling.  Also,  crack  propagation  rates 
under  TMF  conditions  were  higher  than  under  comparable  (mechanistically)  Iso¬ 
thermal  cycling  conditions.  A  compresslve-creep-asslsted  crack  sharpening 
mechanism  was  proposed,  but  not  verified,  to  account  for  rapid  out-of-phase 
crack  propagation. 


Kuwabara,  Nltta,  and  Kltamura  (ref.  7)  Investigated  the  TMF  behavior  of  a 
broad  range  of  steels  and  superalloys  used  In  the  power  generating  Industry. 
They  observed  four  distinct  types  of  TMF  behavior,  each  defined  by  the  partic¬ 
ular  life  versus  cyclic  strain  characteristics  associated  with  In-phase  and 
out-of-phase  cycling.  A  conclusion  they  reached  was  that  3  of  the  4  types  of 
behavior  could  be  conservatively  handled  by  presently  available  cyclic  strain 
based  relationships.  The  "dangerous"  4th  type  of  TMF  behavior  was  that  for 
which  In-phase  lives  were  substantially  shorter  than  out-of-phase  or  Isothermal 
lives.  Kuwabara  et  al.  attributed  this  fourth  type  of  behavior  to  substantial 
creep-fatigue  Interaction,  and  noted  that  It  was  observed  most  typically  In 
the  cast  superalloys  they  evaluated. 


Objective  and  Scope 

There  are  three  objectives  to  this  paper:  1)  To  observe  the  effect  that 
TMF  cycling  has  on  crack  Initiation  and  crack  propagation  lives  of  some  nickel 
base  superalloys;  2)  to  Identify  the  Important  micromechanisms  controlling 
deformation  and  damage  under  TMF  conditions;  3)  to  assess  the  applicability  of 
Isothermal  life  prediction  models  to  TMF. 


MATERIALS 

The  nominal  compositions  of  all  three  nickel  based  superalloys  of  concern 
In  this  paper  are  summarized  In  table  I.  A  description  of  the  two  types  of 
coatings  applied  to  the  single  crystal  PWA-1480  Is  Included  In  table  II. 

MAR-M  200  Is  a  cast  nickel-based  superalloy  originally  developed  for  tur¬ 
bine  blade  application.  The  microstructure  consists  of  approximately  60  vol  % 
primary  y'  In  a  y  matrix,  with  both  M23C6  and  MC  type  carbides.  The 
alloy  was  conventionally  cast  Into  specimens,  resulting  In  a  radial  grain 
structure  with  grain  sizes  of  approximately  1  mm  by  2  to  3  mm.  The  specimens 
were  tested  In  the  as  cast  and  machined  condition. 

The  B-1900  +  Hf  referenced  In  this  study  Is  a  typical  Isotropic  nickel 
base  superalloy  used  In  gas  turbine  hot  section  components  such  as  blades  and 
vanes.  Cast  bars  from  which  specimens  were  machined  were  given  a  4  hr.  solu¬ 
tion  treatment  at  1079  °C,  air  cooled,  then  precipitation  treated  at  899  °C 
for  10  hr  and  air  cooled.  Resulting  grain  size  was  0.18  to  0.25  mm. 

Single  crystal  PWA-1480  specimens  were  cast  from  remelt  stock  by  a  direc¬ 
tional  solidification  method  wherein  the  melt-filled  mold  was  withdrawn  from  a 
furnace  at  a  rate  of  about  a  half  centimeter  per  minute.  Using  this  method, 
growth  direction  crystallographic  orientation  was  usually  within  5°  of  <00l>. 

After  casting,  the  bars  were  solution  heat  treated  and  subjected  to  visual, 
x-ray  diffraction,  and  metal lographlc  Inspection.  Specimens  were  machined  to 
final  configuration  from  the  cast  single  crystal  blanks,  following  heat  treat¬ 
ment  and  Inspection. 
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EFFEC1  OF  IMF  CYCLING  ON  CRACK  INITIATION  LIFE 


MAR-M  200 

The  IMF  results  for  MAR-M  200  are  summarized  In  figure  1.  The  Inelastic 
mechanical  strain  range  Is  plotted  versus  the  number  of  cycles  to  failure. 
Results  are  shown  for  In-phase  and  out-of-phase  TMF  experiments  as  well  as 
Isothermal  fatigue  data  at  1000,  927,  and  650  °C.  A  few  observations  are 
immediately  noteworthy.  First,  there  was  a  marked  sensitivity  of  TMF  life  to 
the  type  of  cycle  Imposed.  The  life  of  polycrystalllne  MAR-M  200  was  consider¬ 
ably  shorter  under  In-phase  cycling  conditions  than  under  out-of-phase  cycling 
conditions.  The  significance  of  the  apparent  difference  In  slope  between  the 
In-phase  and  out-of-phase  life  lines  Is  uncertain;  additional  data  are  required 
to  substantiate  this  difference.  Second,  TMF  lives,  especially  under  In-phase 
cycling  conditions,  were  considerably  shorter  than  Isothermal  lives  at  1000  and 
927  °C.  Third,  for  a  given  Inelastic  strain  range,  the  Isothermal  life  showed 
a  notable  sensitivity  to  temperature.  However,  the  Isothermal  LCF  life  of 
MAR-M  200  appeared  to  be  relatively  Insensitive  to  the  type  of  Isothermal  cycle 
Imposed;  l.e.,  the  Inclusion  of  hold  times  did  not  result  In  significant 
changes  In  cyclic  fatigue  life.  At  927  °C  for  example,  a  CC  test  lasting  over 
1000  hr  had  a  cyclic  lifetime  no  different  from  PP  tests  lasting  only  0.2  hr. 
The  TMF  tests  had  exposure  times  at  high  temperatures  that  were  greater  than 
those  for  the  Isothermal  PP  tests  but  less  than  those  for  the  Isothermal  CC 
tests.  Nevertheless,  In-phase  TMF  cyclic  lives  were  less  than  Isothermal 
lives.  Thus,  time  at  temperature  by  Itself  does  not  appear  to  be  a  critical 
factor  from  the  standpoint  of  governing  cyclic  life. 

Metal lographlc  examination  of  MAR-M  200  TMF  specimens,  after  failure,  pro¬ 
vided  some  Insight  regarding  the  micromechanisms  responsible  for  the  TMF  cycle 
phase  effects  observed.  Figure  2  shows  that  crack  Initiation  and  early  crack 
growth  differences  under  In-phase  and  out-of-phase  conditions  are  related  to: 

1)  the  role  of  oxidation;  2)  carbide  and  carbide/matrix  behavior;  and  3)  the 
role  of  grain  boundaries. 

Some  of  the  Important  oxidation  related  TMF  effects  may  be  seen  In  compar¬ 
ing  figure  2(a)  and  (b).  It  Is  evident  that  In-phase  cycling  (fig.  2(a)) 
resulted  In  relatively  sharp  crack  tips  and  thick  oxide  build-up  on  the  crack 
surfaces,  suggesting  a  brittle  propagation  mechanisms  through  oxidized  tip 
material,  and  some  wedging  action  attributed  to  the  oxide  on  the  crack  sur¬ 
faces.  In  contrast,  out-of-phase  cycling  (fig.  2(b))  resulted  In  blunt  crack 
tips,  suggesting  a  ductile  propagation  mechanism,  and  relatively  oxide-free 
crack  surfaces  due  to  crack  closure  (compression)  at  elevated  temperature. 

The  TMF  cycle  dependent  carbide  and  carbide/matrix  behavior  Is  shown  In 
figures  2(c)  and  (d).  In-phase  cycling  (fig.  2(c))  lead  to  matrix  pull-away 
from  the  carbide  particle.  Subsequent  link-up  of  the  voids  created  by  the 
pull-away  and  propagating  cracks  often  occurred,  based  on  metallographlc  obser¬ 
vations,  as  shown  In  figure  3(a).  In  contrast,  cracking  through  the  carbide 
was  often  seen  after  out-of-phase  cycling  (fig.  2(d)),  presumably  due  to  the 
high  tensile  stresses  associated  with  tensile  defoliation  at  low  temperatures. 
Based  on  metallographlc  studies  (fig.  3(b))  from  failed  specimens.  It  does  not 
appear  that  these  cracked  carbides  Interacted  significantly  with  major  propa¬ 
gating  cracks. 
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finally,  the  role  of  grain  boundaries  under  IMF  cycling  conditions  is  shown 
in  figure  2(e)  and  (f).  Under  in  phase  cycling,  crack  growth  is  predominantly 
intergranular,  with  evidence  that  Internal  Initiation  occurs  (fig.  2(e)).  Out 
of  phase  cycling  results  in  mixed  inter  granular  and  transgranular  crack  growth, 
as  may  be  seen  in  figure  2(f). 


On  a  finer  scale,  transmission  electron  microscopy  (TF.M)  reveals  tempera 
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ture  dependent  dislocation  phenomena  that  might  Influence  crack  initiation 
during  IMF.  Figure  4,  from  the  work  of  Milligan  and  Jayaraman  (ref.  8),  s 
marizes  sianificant  temperature  deDendent  behavior  in  single  crystal  MAR  M 
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M  200 
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marizes  significant  temperature  dependent  behavior  in  single  crystal 
“  "**•  J  to  Isothermal  cycling  at  two  temperature  levels.  Ihe  Important 

1)  slip  band  formation  on  octahedral  slip  systems  at  760  °C; 
and  the  activation  of  cubic  slip  systems  at  870  °C. 


subjected 
observations  are: 
2)  diffuse  slip, 


When  a  specimen  is  subjected  to  TMF  cycling  between  two  temperature 
extremes,  possible  interaction  between  these  very  different  dislocation  distri¬ 
butions  and  slip  systems  may  be  hypothesized.  At  elevated  temperatures,  dis¬ 
locations  from  the  high  dislocation  density  slip  bands  generated  during  low 
temperature  deformation  can  become  mobile  in  addition  to  the  generally  disperse 
slip  associated  with  high  temperature  deformation.  For  in-phase  TMF  cycling, 
this  can  give  rise  to  planar  slip  features  and  early  crack  nucleation,  normally 
associated  with  low  temperature  deformation.  Also,  the  development  of  cubic 
slip  at  high  temperature  will  lead  to  a  high  density  of  sessile  dislocations  at 
the  low  temperature.  Propagating  slip  through  a  dense  sessile  forest  results 
In  large  numbers  of  point  defects  and  dipoles,  features  that  might  be  sign! 
flcant  In  void  nucleation  and  diffusion  assisted  mechanisms.  Thus,  interaction 
of  alien  dislocation  distributions  and  systems  helps  to  account  for  the  general 
degradation  of  fatigue  life  in  MAR  M  200  under  IMF  conditions  compared  to 
Isothermal  conditions. 


B- 1900 


Ihe  out  of  phase  IMF  results  for  B  1900,  summa 
Ffalford  and  McGaw  (ref.  9),  with  some  preliminary 
specimens,  and  different  material  heat)  are  shown 
thermal  data  for  comparison.  The  out  of -phase  TMF 
results  are  very  close  together,  and  the  prelimina 
a  TMF  cycle  phasing  effect  similar  to  that  seen  fo 
generally  showed  a  mixed  Intergranular  transgranul 
phase  specimens,  and  predominantly  transgranular  f 
specimens,  much  as  was  observed  for  MAR  M  200.  It 
the  in  phase  results  shown  in  figure  S  are  tentati 
short  life  regime,  so  comparisons  with  longer  life 
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TLM  studies  conducted  on  B  1900  specimens  by  Pelloux  and  Marchand  fref.  10) 
show  significantly  different  dislocation  densities  and  arrangements  depending 
on  the  phasing  of  the  IMF  cycling.  Dislocation  densities  were  observed  to  be 
higher  under  in  phase  than  out  of  phase  cycling,  as  may  be  seen  by  comparing 
figure  6(a)  with  (b).  Also,  in  phase  cycling  resulted  in  more  y'  coarsening 
and  higher  misfit  dislocation  density  than  did  out-of-phase  cycling.  Pelloux 
and  Marchand  attribute  the  Increased  dislocation  density  under  in  phase  cycling 
to  greater  ease  of  cross  slip  and  secondary  source  activation  at  high  tempera 
tures,  because  of  partial  dislocation  constriction  promoted  by  the  tensile 
stresses  associated  with  in  phase  cycling.  Ihe  y'  coarsening  was  prometed 
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by  the  low  temperature  compressive  hydrostatic  stress  state  under  In-phase 
cycling,  which  tended  to  cancel  the  tensile  anti-phase  boundary  stresses.  It 
Is  difficult  to  see  how  these  differences  In  flow  behavior  and  flow  related 
microstructure  might  be  related  to  damage  Initiation.  Perhaps  y‘  coarsening 
and  rafting  promote  channeling  of  slip  and  localized  Intensification  under 
In-phase  cycling  leading  to  more  rapid  crack  Initiation.  There  Is  still  a  need 
for  more  definitive  TMF  Initiation  life  data  for  B-1900  before  a  conclusive 
understanding  of  cycle  phasing  effects  can  be  reached. 


Single  Crystal  PWA-1480 

Results  from  TMF  testing  of  single  crystal  PWA-1480  are  shown  In  figure  7 
(ref.  11).  Two  points  are  worthy  of  note  In  regard  to  these  results.  First, 

In  addition  to  continuous  cycling  TMF  testing,  bl-thermal  tests  were  conducted. 
Second,  the  single  crystal  specimens  were  coated,  with  two  different  kinds  of 
coating  being  Investigated. 

The  effect  of  cycle  type  on  specimen  crack  Initiation  life  Is  strongly 
dependent  on  the  type  of  coating  present.  For  out-of-phase  TMF  testing,  coat¬ 
ing  effects  are  especially  marked. 

The  diffusion  coating  tended  to  generate  circumferential  cracks  whereas  the 
overlay  Initiated  a  multitude  of  small  thumbnail-like  cracks,  as  may  be  seen  In 
figure  8(a)  and  (b).  The  concentric  cracking  of  the  diffusion  coating  Is  not 
unexpected  since  Its  fracture  ductility  Is  low  at  temperatures  below  649  °C 
(1200  °F ) . 

In-phase  TMF  crack  Initiation  of  coated  specimens  Is  less  distinct. 

Because  the  tensile  portion  of  the  test  occurs  at  high  temperature,  the  coat¬ 
ings  tend  to  rumple  which  makes  replication  difficult.  As  can  best  be  deter¬ 
mined,  In-phase  testing  generates  many  small  cracks  early  In  the  fatigue  life 
of  the  specimen;  however,  these  cracks  do  not  grow  nearly  as  rapidly  as  those 
of  out-of-phase  testing.  As  a  result,  the  fatigue  lives  of  In-phase  TMF  tests 
are  significantly  longer  than  those  of  out-of-phase  tests.  In  fact,  the 
In-phase  lives  appeared  to  be  at  least  as  long  as  Isothermal  lives  at  1038  °C. 
The  complete  absence  of  grain  boundaries  In  the  single  crystal  material  may 
account  for  the  relative  Insensitivity  of  the  material  to  In-phase  testing,  as 
well  as  to  tensile  hold  times.  Note  the  deleterious  effect  of  high  temperature 
compressive  hold  In  figure  7,  especially  for  diffusion  (brittle)  coated  speci¬ 
mens.  The  compressive  hold  effect  Is  consistent  with  the  Impact  that  out-of¬ 
phase  cycling  has  on  the  brittle  coated  single  crystal. 


DISCUSSION 

In  this  section,  the  applicability  of  several  Isothermal  life  prediction 
models  to  the  present  TMF  results  Is  considered.  Also,  the  spanning  factor 
concept  proposed  by  Taira  et  al.  (ref.  3)  Is  given  consideration.  The  Isother¬ 
mal  life  prediction  models  that  are  assessed  Include  SRP  (ref.  5),  the 
Ostergren  model  (ref.  12),  the  Coffin  frequency  separation  model  (ref.  13), 
and  Antolovlch's  oxidation  model  (ref.  14).  Predictions  from  these  models  will 
be  compared  with  results  from  MAR-M  200  and  B-1900.  It  Is  not  clear  how  to 
apply  these  models  to  the  single  crystal  PWA-1480  results  because  of  the 
dominant  role  played  by  the  coatings. 
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Consider  first  the  application  of  the  spanning  factor  concept  to  the 
results  obtained  for  polycrystal  1 Ine  MAR  M  200.  Following  literally  the 
approach  outlined  by  Taira  et  al.  (ref.  3),  the  calculated  IMF  life  turned  out 
to  be  about  1000  cycles  for  0.1-percent  Inelastic  strain  range.  The  actual  TMF 
life  for  in-phase  cycling  was  only  58  cycles,  and  that  for  out-of-phase  cycling 
was  only  425  cycles.  It  would  seem  that  Taira  et  al.  made  the  tacit  assumption 
that  Isothermal  lives  should  be  shorter  at  high  temperatures  than  at  low  tem¬ 
peratures  -  an  assumption  that  may  be  true  for  certain  alloys,  but  not  so  for 
polycrystal  1 Ine  MAR-M  200  and  many  other  superalloys.  If  one  redefines  some  of 
the  terms  used  by  Taira  et  al.,  so  that  In  effect  Isothermal  lives  are  assumed 
to  be  shorter  at  low  temperatures  than  at  high,  the  predicted  TMF  life  turns 
out  to  be  about  62  cycles.  Although  this  calculation  Is  In  better  agreement 
with  the  In-phase  experimental  results.  It  Is  In  very  poor  agreement  with  the 
out-of-phase  experimental  results.  The  difficulties  with  the  spanning  factor 
approach  are  now  clearly  apparent.  First,  the  present  formulation  of  the 
spanning  factor  does  not  account  for  cycle  phasing  effects,  which  were  found  to 
be  very  strong  for  polycrystall Ine  MAR-M  200.  Second,  It  Is  not  clear  a  priori 
how  to  define  the  Isothermal  life  terms. 


Essentially  the  same  difficulties  arise  when  the  spanning  factor  concept 
Is  applied  to  B-1900  as  were  encountered  for  MAR-M  200.  Both  the  life  levels 
and  phasing  effects  could  not  be  consistently  predicted  using  the  spanning 
factor  concept. 


Difficulties  were  also  encountered  In  attempting  to  quantitatively  apply 
Isothermal  SRP  data  to  the  TMF  results  for  polycrystalline  MAR-M  200  and  to  the 
preliminary  results  for  B-1900  because  of  the  significant  cycle  phase  effect. 
SRP  considerations  of  the  phase  effect  would  be  based  on  two  aspects  but  prin¬ 
cipally  on  differences  In  the  four  SRP  life  lines  at  temperatures  within  the 
creep  range.  Since  Isothermal  SRP  data  available  for  polycrystalline  MAR-M 
200  (ref.  15)  Indicate  that  at  high  temperatures  the  four  SRP  life  lines  are 
quite  close  together,  the  observed  TMF  effect  would  not  be  expected.  Thus,  the 
other  aspect,  based  on  the  variation  of  SRP  life  relations  with  temperature 
(determined  either  through  direct  experiment  or  through  estimation  using  the 
ductility-normalized  SRP  relations  of  ref.  16)  should  be  examined  to  see  If 
the  variation  Is  consistent  with  the  TMF  results.  Although  a  rigorous  proce¬ 
dure  for  dealing  with  continuous  temperature  variation  has  yet  to  be  developed, 
a  life  calculation  based  on  extreme  or  boundary,  conditions  could  be  applied. 
Such  a  calculation  was  used  In  reference  16  to  predict  the  thermal  fatigue  life 
of  a  Rene  80  gas  turbine  blade  subjected  to  factory  engine  testing.  Rene  80, 
like  MAR-M  200,  exhibits  lower  fatigue  resistance  at  lower  test  temperatures. 
Applying  the  procedures  used  In  reference  16  to  the  TMF  results  for  MAR-M  200 
resulted  In  life  predictions  that  contradicted  the  observed  phase  effects. 
Specifically,  out-of-phase  TMF  lives  were  calculated  to  be  less  than  In-phase 
TMF  lives,  a  prediction  that  Is  opposite  the  observed  experimental  results. 


For  the  case  of  B-1900,  the  Isothermal  SRP  tensile  hold  results  do  suggest 
that  for  the  extremely  short  life  regime  (10-100  cycles).  In-phase  cycling  may 
be  very  damaging.  More  complete  In-phase  TMF  data  Is  necessary  before  thorough 
assessment  of  correlation  between  SRP  and  IMF  results  can  be  made. 


The  formulation  of  the  Ostergren  model  (ref.  12)  that  Incorporates  time- 
dependent  damage  effects  Is  expressed  as 


ojAcpNf v( ^*1 )B  =  C 


where  oj  Is  the  peak  tensile  stress;  Aep,  the  Inelastic  strain  range;  Nf, 
the  number  of  cycles  to  failure;  »,  the  cyclic  frequency;  and  k,0(<O),  and  C, 
temperature- dependent  constants.  It  appears  that  the  Ostergren  model  would 
predict  In  phase  lives  to  be  higher  than  out-of-phase  lives  because  of  the  way 
oj  Is  Incorporated.  If  the  frequency  were  partitioned  Into  compression-going 
and  tension-going  terms  and  these  terms  were  somehow  normalized  with  respect  to 
an  Intrinsic  material  (mlcrostructural ,  mechanistic)  relaxation  time  over  the 
TMf  cycle  temperature  span,  a  working  model  for  TMF  might  be  developed.  Such  a 
development  effort  would  require  a  clear  understanding  of  controlling  damage 
mechanisms,  the  rate  sensitivity  of  these  mechanisms  to  temperature,  and  a 
prudent  choice  of  Isothermal  life  data  to  define  the  constants  In  the  present 
Ostergren  model . 

The  frequency  separation  model  (13)  written  In  the  form  that  Includes 
tension  going  and  compression-going  frequency  terms  Is  given  by 

c 

M  n  .  a  b  \ 

N,  =  D  Ac  v.  — 
f  p  t 

If  Instead  of  tension-going  and  compression  going  frequency  terms  (v^  and  vc 
respectively),  time  at  temperature  terms  were  Incorporated  and  cast  In  a  manner 
reflecting  the  relative  damage  ranking  associated  with  In-phase  and  out-of¬ 
phase  TMF  cycling,  a  basis  for  developing  a  TMF  life  prediction  model  might  be 
provided. 

Antolovlch's  oxidation  model  (ref.  14)  describes  surface  Initiation  of 
microcracks  within  a  growing  oxide  film.  As  presently  formulated,  no  feature 
addressing  In-phase  or  out-of-phase  TMF  phenomena  Is  Included.  If  the  model 
were  to  Incorporate  the  reasonable  supposition  that  crack  Initiation  occurs 
within  the  film  under  the  low  temperature  tensile  portion  of  the  TMF  cycle 
after  film  growth  under  high-temperature  compression,  one  would  expect  out-of¬ 
phase  cycling  to  be  more  damaging  than  In-phase  cycling.  This  behavior  Is 
Inconsistent  with  the  present  results.  Perhaps  the  oxidation  model  can  be 
reformulated  to  describe  cycl Ic-oxldatlon-assl sted  crack  growth  due  to  rapid 
oxidation  of  the  crack  tip  material. 


CONCLUSIONS 

Although  TMF  phenomena  and  mechanisms  are  material  system  specific,  some 
generalities  appear  to  hold  true.  Based  on  the  studies  examined  In  this 
report,  the  following  conclusions  are  reached: 

1.  For  polycrystalllne  materials  under  very  high  strain  range  cycling 
conditions,  In-phase  TMF  cycling  appears  to  be  more  damaging  than  out-of-phase 
due  to  concentration  of  damage  at  grain  boundaries; 

2.  For  the  single  crystal  material  examined,  the  coating  played  a  dominant 
role  In  crack  Initiation,  with  brittle  diffusion  type  coating  showing  early 
Initiation  during  out-of-phase  cycling; 
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3.  No  generally  applicable  TMF  life  prediction  model  presently  exists 
although  various  Isothermal  models  could  be  made  to  work  as  phenomenological 
models  for  specific  materials  and  cycles; 

4.  The  complexities  of  TMF  cycling  are  due  In  part  to  complex  Interactions 
between  temperature  dependent  deformation  and  damage  mechanisms,  and  In  part 
due  to  environmental  (oxidation)  related  mechanisms. 
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TABLE  II.  -  COATING  COMPOSITIONS  AND  PROCESSES 


Coating 

Type 

Composition 

Deposition 

process 

PWA  286 

Overl ay 

NiCoCrAl Y 

Vacuum  plasma 

+Si+Hf 

Spray 

PWA  273 


Aluminide 
(Outward 
diffusion ) 


NiAl 


Pack  cementation 


Figure  1.  -  Isothermal  and  thermomechanical  fatigue  results 
for  MAR-M  200  cycled  between  500  and  1000  °C. 


(A)  IN-PHASE:  NOTE  CRACK 
TIP  AND  CRACK  SURFACE 
OXIDATION. 


(B)  OUT-OF-PHASE:  CRACK 
TIPS  ARE  BLUNT  AND  SURFACES 
LESS  OXIDIZED. 


(C)  IN-PHASE:  (D)  OUT-OF-PHASE:  CRACKING 

CARBIDE/MATRIX  PULL “AWAY.  WITHIN  CARBIDES. 


(E)  IN-PHASE:  INTERGRANULAR  (F)  OUT-OF-PHASE: 

PROPAGATION .  I NTE RGRANUL AR/TRANSGRANUL AR 

PROPAGATION. 


Figure  2.-  Some  effects  of  thermomechanical  fatigue  cycle  type  on 

MICROMECHANISMS  OF  CRACK  INITIATION  AND  EARLY  PROPAGATION  IN 
MAR-M  200. 


(A)  IN-PHASE:  CARBIDE/MATRIX  PULL “AWAY  (B)  0UT“OF“PHASE :  CRACKS  WITHIN 

JOINS  WITH  GROWING  CRACK.  CARBIDES  REMAIN  ISOLATED. 


Figure  3.-  Role  of  carbides  in  thermomechanical  fatigue  crack  propagation  in 
MAR-M  200. 


(A)  760  °C;  SLIP  BAND  FORMATION  ON 
OCTAHEDRAL  SYSTEMS. 


(B)  870  °C;  DIFFUSE  SLIP  AND  CUBIC 
SLIP  ACTIVITY. 


Figure  H.-  Temperature  dependent 
MICROSLIP  MECHANISMS  IN  MAR-M  200 
(MILLIGAN  AND  JAYARAMAN/  REF. 8). 


10  100  1000  10  000 
number  of  cycles  to  failure.  N, 

Figure  5.  -  Isothermal  and  thermomechanical  fatigue 
results  for  B-1900+Hf  cycles  between  483  and  871  °C 
(Halford  and  McGaw,  ref.  9). 


(B)  OUT-OF-PHASE. 


Figure  6.-  Dislocation  configurations  in  B-1900+Hf  resulting  from 

THERMOMECHANICAL  FATIGUE  CYCL ING  (PELLOUX  AND  MARCHAND,  REF.  10) 
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Fiqure  7.  -  Isothermal  and  thermomechanical  fatigue  results  for  coated  single  crystal  PWA-1480.  Maximum 
temperatures.  1038  °C  11900 °F I',  minimum  temperatures.  427  °C  (800 °F H  strain  range.  0.8percent. 
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(b)  Overlay  coating. 

Figure  8.-  Role  of  coating  type  in  thermomechanical  fatigue 

CRACK  INITIATION  OF  COATED  SINGLE  CRYSTAL  PWA"1480. 
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